Abstract -We analyze handwriting records from several school children with the aim of characterizing the fluctuating behavior of the writing speed. It will be concluded that remarkable differences exist between proficient and dysgraphic handwritings which were unknown so far. It is shown that in the case of proficient handwriting, the variations in handwriting speed are strongly autocorrelated within times corresponding to the completion of a single character or letter, while become uncorrelated at longer times. In the case of dysgraphia, such correlations persist on longer time scales and the autocorrelation function seems to display algebraic time decay, indicating the presence of strong anomalies in the handwriting process. Applications of the results in educational/clinical programs are envisaged.
Handwriting is a complex human activity that entails an intricate blend of cognitive, sensory and motor abilities [1, 2] . It is generally referred to as an "overlearned" human activity involving very rapid sequencing of movements which must be performed in relation to spatial and temporal demands [3, 4] . As a result, it provides us with an excellent chance for studying how movements are controlled and regulated in various populations [5] .
It is known that handwriting becomes automatic with age, as skilled motions are acquired and become refined, increasing efficacy and reducing redundancy [6] . It was found that as much as the movement becomes mature and automatic, it is produced with less spatial, temporal and pressure variability, yielding a more accurate motion [7] [8] [9] . Despite the advances in computerised technology, most people in the world still use pen and paper in order to write lists or notes in their every day lives [10] .
As a matter of fact, it has been found that handwriting is required for about (30-60)% of a typical children's school day [11] (see [12] for more details). Hence, handwriting proficiency is an essential activity required for children's success and participation in school, and is a key ingredient in their self-esteem as well as the most (a) E-mail: eduardo.roman@mib.infn.it immediate form of graphic communication [13] . However, not all the children acquire skilled handwriting. It is known that the act of writing presents difficulties to about (10-30)% of elementary-school children. Handwriting difficulty or dysgraphia was defined by Hamstra-Bletz and Blote [14] as a disturbance or difficulty in the production of written language that is related to the mechanics of writing. It has been referred to as a specific learning disability [15] . Despite the importance that the analysis of the handwriting process has for better understanding children performance, and consequently for a more accurate evaluation in the educational context [16] , the literature about handwriting activity among children with dysgraphia is scarce (see, e.g., [12, 17] ).
In this letter, we draw our attention to analysing handwriting of school children further from a different point of view, relying to concepts developed in physical sciences for studying the behavior of complex systems [18, 19] . The basic quantity of interest to us is the writing speed, which displays an enormous amount of variability. The understanding of the mechanisms responsible for the observed temporal variability of handwriting speed depends to a large extent on the amount of relevant information that can be obtained from the empirical data, typically stored in the form of time series. In particular, an The same text (107 hebrew characters) written by a child with proficient handwriting (a), and by a child with manifested dysgraphic handwriting (b). The handwriting is recorded at intervals of τ = 0.01 s with a standard WACOM X-Y digitizing tablet using a wireless electronic pen with pressure sensitive tip. The written text is represented by a series of points with coordinates (xn, yn). All the points correspond to positive pen pressure, i.e. when the pen tip is in contact with the paper (corresponding to third spatial coordinate zn = 0).The projections of the spatial paths of the pen tip when the pressure on the paper is zero (z > 0) are also recorded but not considered in this study.
accurate description of writing speed fluctuations, instead of just the study of mean values is required to detect handwriting anomalies, possibly having a pathological origin. We will show that dysgraphia is characterized by a remarkable anomaly such as the presence of long-time correlations (for times larger than the time required to complete a single character or letter) in the handwriting time series. Long-time correlations are generally described by slowly decaying power law functions which, in contrast to the standard exponential decay, do lack a characteristic decay time. The absence of a characteristic decay time may be the signal of an anomalous dynamic behavior, a feature that cannot be described by means of standard stochastic models. A similar behavior of fluctuations has been observed in other types of human pathologies, such as heart beat anomalies and related disorders (see, e.g., [20] [21] [22] [23] ).
A typical example of a child handwriting record, obtained using standard digitizing techniques, in the case of proficient (normal) handwriting is displayed in fig. 1(a) . The same text produced by a child with "manifested" dysgraphic handwriting is reported in fig. 1(b) . The shown patterns represent the positions of the pen tip on the paper plane, P n = (x n , y n ), where x n , y n are the two planar Cartesian coordinates, recorded every τ seconds and indexed with the record number n (or tick index). Only those points P n for which the pen tip is effectively in contact with the paper are considered in the present study. Thus, the tick index n refers only to those points belonging to the written text and the maximum number of ticks is denoted as n max . The time t associated to this process is then determined as t = nτ , where τ = 0.01 s is the dispositive recording time.
To characterize quantitatively the set of points shown in fig. 1 , we study the dynamics associated to the writing process by calculating the speed at which the text is written. We evaluate the speed of the evolving text from the positions P n as v n = | P n − P n−1 |/τ , corresponding to
The resulting values of v n for the two cases shown in fig. 1 are reported in fig. 2 . Two main differences become inmediately apparent. The first one is that the duration of the record for the child with dysgraphic handwriting is about five times longer than the one for the child with proficient handwriting. This can be seen by the total number of ticks, 10408 and 1920, respectively. The second, more qualitative aspect, is the overall behavior of the speed spectrum. While for the child with proficient handwriting v n is quite uniformly distributed (cf. fig. 2(a) ), in the case of dysgraphia long 58007-p2 intervals of writing pauses (corresponding to very low values of v) are quite likely, yielding a "patchy" speed spectrum (cf. fig. 2(b) ).
For both records, the pen tip is often at rest while in contact with the paper surface, yielding a vanishing value of v. These events usually take place when a single character (or letter) has been completed. The length of a sequence of consecutive values v = 0 is a measure of the time the child spends before start writing a new character. Since we are mostly interested in the speed distribution when the pen is in motion, we will concentrate in what follows only on the subset of speeds v > 0. Disregarding the zeroes of v, the effective number of ticks employed in the analysis reduces to n eff = 1371 for the child with proficient handwriting and n eff = 5909 for the child with dysgraphic handwriting.
Next, we start calculating the probability distribution function (PDF) P (v) for v > 0, where P (v)dv is the probability that the speed takes a value in the range v and v + dv. In order to determine P (v), we calculate the first and second moments of v, i.e. v and v 2 , from which we obtain the standard deviation σ = v 2 − v 2 . The PDF obeys a scaling form of the type P (v) = σ fig. 3 in the two cases.
The two distributions shown in fig. 3 look quite different. For the child with proficient handwriting, values of v > σ are more likely than for the case of the child with dysgraphic handwriting. For the latter, the distribution tends to be squeezed toward v = 0 so that values v < σ are most frequent in the dynamics of writing. Their asymptotic decays, i.e. for values v/σ 1, however, seem to be governed, on average, by the same type of scaling form (i.e. a "stretched Gaussian" shape with exponent 1.5) as shown in the inset of fig. 3 , suggesting a common behavior of both types of handwriting.
Are these significant features all that we can learn about the dynamics of writing? Or perhaps, is there a specific type of temporal behavior in the handwriting process that is not apparent from the PDF?
If, in the process of handwriting, the pen tip speed changes in such a way that v n and v n+m are independent of each other for values m > m 0 , then v n v n+m = v n v n+m = v n 2 , and the correlation function vanishes, C m = 0, for all m > m 0 (notice that C 0 = σ 2 ). In other words, if the memory associated to motorial variations of writing gets forgotten by the subject after m 0 ticks, then the speed autocorrelation function vanishes for m > m 0 .
In order to estimate C m , we apply the random walk (RW) method to the speed time series. The RW analysis consists in constructing the trajectory of a random walker, represented by the positions X v (n) of the walk at the n-th step, defined as (see, e.g., [18, 19, 24] )
where ∆x i = 0, so that there is no net bias on the walk. In our case we define
The positions X v (n) for the walks associated to the handwriting speeds v n of the two processes discussed above are shown in fig. 4 . The "roughness" of the random walk trajectory, or random walk profile, reflects the presence or absence of correlations along the trajectory X v (n). The correlations can be determined quantitatively by calculating the fluctuations of X v (n) within a temporal window of width m as (see refs. [18, 19] for details) The quantity 0 < H < 1 is called the Hurst exponent (see, e.g., [25] ). For instance, in the case H > 1/2 the RW is called "persistent" and is characterized by the presence of long-range correlations of the form C m ∼ m −γ , where γ = 2 − 2H. The study of F (m), instead of the autocorrelation function itself, has the advantage that different regimes and intermediate crossovers are more easily detected, and in addition, the exponent H can be determined more accurately.
The plot of the fluctuations F (m) associated to the RW shown in fig. 4 are displayed in fig. 5 . The results are quite surprising, as they indicate that proficient handwriting evolves mostly in a random fashion, in which the variations of the writing speed are completely uncorrelated from each other after just few ticks (here about 4 ticks, i.e. 400 ms). For times shorter than about 4 effective ticks, the writing is strongly correlated as one could expect since this is the time typically required to complete one character or letter. For times longer than such a crossover time, the subject with proficient handwriting behaves as having forgotten the history of the writing speed.
Different is the behavior of dysgraphic handwriting. For the latter, correlations seem to occur along the whole writing "landscape", indicating a strong reluctance to disentangle previous speed variations from subsequent ones. This behavior seems to reflect a sort of "blocking" mechanism in the child which drives the handwriting process in a more deterministic fashion than for a normal handwriting subject. These different behaviors suggest a sort of universal features in the dynamics of handwriting. In other words, the writing landscape for normal or proficient handwriting displays H ≈ 0.5 for times larger than a crossover time, while dysgraphic landscapes are characterized by larger exponents (H ≈ 0.6-0.7) on such long-time scales.
In order to test the validity of the above results, we have studied several other cases, both for proficient and dysgraphic handwritings. In the following we discuss the fluctuation functions for a group of 5 proficient handwritings and 5 dysgraphic ones. Results for proficient handwritings are displayed in fig. 6 , where we have distinguished the scaling behavior at small and at large times. At short times, the Hurst exponent is large (here H 0.8), suggesting the existence of strong autocorrelations of speed fluctuations below a crossover time of about (5-10) ticks. At larger times, speed fluctuations become uncorrelated (no memory) and H 0.5. In rare cases, we observe that correlations persist on longer times (see the case of MI, with H 0.8 up to 100 ticks), which need to be studied separately in order to assess the origin of such handwriting anomalies.
In fig. 7 , we present five cases of children to be considered as having dysgraphic handwriting. The differences between these cases and those of proficient handwritings 58007-p4 fig. 6 ). As a result, crossover values are subject to uncertainty and one should repeat the measurements few times in each case if a better estimation of them is required.
are clear. The second regime, at large times, is characterized by a still large Hurst exponent, in the cases shown here H 0.66, definitely larger than the standard value H = 0.5. The cases of NADAV and IRIS are similar to the one (with H 0.7) discussed in fig. 5 but displaying here a slightly higher exponent H 0.8.
Based on these results, we may conclude that proficient handwriting is characterized by strong autocorrelations at short times, below a crossover time in the range (0.05-0.10) s, followed by a standard uncorrelated behavior with H 0.5 above the crossover. Dysgraphic handwriting is characterized by a different behavior, displaying strong autocorrelations also above a crossover time, with a Hurst exponent H (0.6-0.7). Often, a single power law regime is found, with a large Hurst exponent H (0.7-0.8), extending over several time scales.
The present results can be compared with previous observations regarding handwriting performances. For example, Wann and Kardirkamanathan [26] found that poor handwriters show greater variability in writing time, other stressed the phenomenon of taking longer pauses between successive writing strokes [27] [28] [29] , which manifested also in longer "in air" time durations between written strokes [30] .
Furthermore, Smits-Engelsman and her colleagues [27] found that poor writers also made more spatial errors than did the proficient writers. They suggested that proficient writers seem to succeed in finding strategies wherein they anticipate movement errors by making more corrections to the ongoing motor output. Poor handwriting may thus stem, in part, from a difficulty in spatial control.
According to Smits-Engelsman et al. [27] , dysgraphia is one of the manifestations of what they refer to as the "variable, irregular or noisy character" of poor handwriters. We should stress that our conclusions are not in contradiction with their findings, rather, our results should be interpreted under the light of autocorrelations within the writing speed fluctuations. In this sense, we mean that both irregular and noisy handwriting speed fluctuations are actually typical of proficient handwriting on intermediateand long-time scales (above the time needed to complete a single word or symbol), technically characterized by a Hurst exponent H = 1/2 (no memory), while dysgraphia is here defined as a handwriting process in which writing speed fluctuations display long-time autocorrelations (memory) with persistent H > 1/2. It is possible that for dysgraphia, such long-time anomalous dynamic behavior may be a manifestation of the child's lack of control in the letters production regarding their spatial features, stroke sequence and organization on the paper, causing deficits in motor planning/control and motions executions [27, 29] .
Further studies linked speed characteristics with a poorly developed or unstable visual memory of the written letters [17, 31] . In fact, analysing a short paragraph copying task with the statistical method suggested here may represent an adequate solution to the educational/clinical need of recognizing children with handwriting deficiency as early as possible, both as a preventive and as a corrective aid [32] . An early and quantitative recognition of a writing deficit enables one to conduct a focused intervention method and checking the child's advance in performance following the intervention.
This may prevent consequences of handwriting difficulties that go beyond the task performance itself, such as emotional implications including negative perceptions about their competence as writers [33] . Hence, recognizing handwriting deficiency in time with the practical method suggested in the current study may lead to improvement in children's capabilities feelings and in their well being. * * * The data used in the analyses presented in this article were collected as part of SR's doctoral studies. HER gratefully thanks M. Porto for help.
